Study Design. A retrospective analysis of 1078 spinal surgical procedures with lumbar pedicle screw placement at a single institution.
Pedicle screw fixation has become the definitive procedure for lumbar spinal instrumentation. Advantages include stability, alignment, and favorable fusion rates. This is offset by the possibility of complications due to malpositioned screws, such as postoperative radiculopathy, pseudarthrosis, and instrumentation failure. The reported neurologic deficit rates vary greatly, ranging from 1% to 11%. [1] [2] [3] Intraoperative assessment of pedicle screw position has been accomplished using plain radiography, fluoroscopy, pedicle wall palpitation, laminotomy, and visualization, as well as electrophysiologic monitoring of somatosensory-evoked potentials. No 1 method is 100% accurate, sensitive, or specific. Biplanar radiograph is most frequently used to confirm pedicle screw positioning. However, Weinstein et al 4 reported "unacceptable failure rates" investigating the validity of intraoperative radiographs to evaluate pedicle screw placement, stating conventional radiography categorizing misplaced screws as correctly placed. Intraoperative fluoroscopy is also frequently used to guide screw placement, but bony landmark deformities, suboptimal body habitus, and the ever increasing incidence of multiple previous surgeries hamper the ability to obtain reliable fluoroscopic images. Also, surgeons and operating room personnel are subjected to varying degrees of radiation. 5 Pedicle wall palpitation is imprecise and can miss minute/hairline pedicle wall defects. Several previous studies have evaluated tactile probing of the pedicle tract. [5] [6] [7] Laminectomies for visualization are effective but can increase morbidity and operative time. Somatosensory-evoked potentials (SSEP) for posterior tibial stimulation are nonspecific, receiving information from multiple nerve roots. It is well established in the literature history that SSEPs do not correlate with triggered EMGs for predication of malpositioned screws. DSEPs are greatly influenced by anesthetic and radiculopathic history.
In 1991, Calancie et al 8 introduced intraoperative evoked electromyographic recordings in a porcine model. Also known as triggered electromyography (TrgEMG), the technique offered an objective means of evaluating pedicle screw placement. By applying an electrical stimulus through the pedicle screw, then recording the resulting evoked EMG response, threshold values can help determine medially malpositioned screws. The theory is based on Ohm's Law (I ϭ E/R) where I is current flow, E is voltage, and R is resistance. A compound muscle action potential (CMAP) is evoked as a depolarizing flow of current triggers a neuromuscular response from recording electrodes placed in lower extremity myotomes corresponding to surgical spinal levels. Impedance is reduced by pedicle wall breaks that allow current flow through the defect to neural tissue.
Since 1995, this institution has used TrgEMG testing in cases involving lumbar transpedicular fixation. Our protocol and technical execution has been identical in terms of stimulus and recording parameters. The initial normative data were established based on a clinical population of 233 screws in 54 patients. 9 The purpose of this paper was to re-examine the efficacy of these normative data across a much larger population involving nearly 5000 pedicle screws over the past 9 years.
Materials and Methods
TrgEMG threshold values for 4857 pedicles placed from L2 to S1 from January 1996 to December 2004 were retrospectively analyzed. A total of 1078 spinal surgical procedures with lumbosacral pedicle screw placement were performed by 1 of 3 surgeons at a single institution during this 10-year period. Patients ranged in age from 9.6 years to 88.7 years. There were 729 females and 349 males in this patient population. Diagnostic categories for the patients in this study are listed in Table 1 . All lumbar pedicle screws were placed by 1 of 2 methods.
1. A gearshift was carefully introduced into the vertebral body through the pedicle using appropriate axial, sagittal, and coronal orientation. After palpating the pedicle walls (medial, lateral, distal, proximal and floor) with a sounding device, the pedicle tunnel was tapped, palpated a second time, and an appropriate diameter and length screw was placed. 2. The second method used a K-wire placed into the pedicle tunnel and tapped directly over the wire after confirmation of proper wire placement via fluoroscopy or plain radiography. In this technique, the 5 pedicle boarders were palpated with a sounding device before screw placement. In both methods, anteroposterior and lateral radiographs were taken after the screws were placed to document their position.
Electrophysiologic Monitoring
The Viking series (Viasys Biomedical Instruments, Madison, WI) of intraoperative monitoring equipment was used in all surgical procedures. Triggered EMG testing consistently followed a routine protocol for assessment of lumbar pedicle screws. Before pedicle screw stimulation, neuromuscular blockade was reversed and at least 3 out of 4 twitches were judged present on train-of-four stimulation. Pedicle screws were tested via placement of a sterile alligator clip (cathode) onto the rod holding segment of each screw and a subdermal needle electrode (anode) in adjacent muscle tissue. Response images were captured with filter settings of 10 Hz to 20 kHz, amplifier sensitivity of 50 V per division and a 50-ms time-base. Constant current stimulation (rate 1.0 Hz, duration 0.3 ms) was delivered in an ascending method until a CMAP was obtained. Individual threshold levels were obtained for each screw. CMAPs were recorded using paired subdermal needle electrodes placed bilaterally in myotomes of the lower extremities. Please see Table 2 for a breakdown of muscle recordings by spinal level. Previously established threshold data 9 had suggested a range rather than absolute value in determining accurate screw placement. The values are as follows:
Threshold Ͼ8.0 mA, screw entirely in pedicle; Threshold 4 to 8 mA, potential for pedicle wall defect; Threshold Ͻ4.0 mA, strong likelihood for pedicle wall defect and possible contact with nerve or dural tissue.
At the discretion of the attending surgeon, screws demonstrating low threshold values were removed and the pedicle tunnel was thoroughly repalpated. Any screw found to have caused a pedicle wall breach was removed and either redirected more laterally to create an intraosseous screw or not replaced at all.
In addition to triggered EMG, multimodality neurophysiologic monitoring was used in all cases. Standard stimulation and recording parameters were used. SSEPs for posterior tibial and ulnar nerve stimulation were used in all surgical procedures. Specific nerve root information was provided by either dermatomal SSEPs and/or spontaneous electromyography. Dermatomal SSEPs were used in 52 procedures; spontaneous EMGs were used in 480 procedures. Neurogenic mixed evoked potentials were used in 514 cases when surgery extended into the thoracic spine.
Various anesthetic protocols were administered to the patients in this study. They are as follows: 50% nitrous oxide/0.5 isoflurane, fentanyl (3 mg/kg per hour)/sufentanil (0.3 mg/kg per hour) drip infusion; ketamine (50 g/kg per minute), propofol (50 g/kg per minute), fentanyl (3 mg/kg per hour)/ sufentanil (0.3 mg/kg per hour); propofol (50 -100 g/kg per minute) and remifentanil (0.05-0.3 g/kg per hour); and propofol (50 -100 g/kg per minute), 0.5 to 0.8 isoflurane/2.5 to 3.5 desflurane. Curare, atracurium, vecuronium, pancuronium, rocuronium, and/or Pavulon were used for muscle relaxation. Other than neuromuscular blockade, anesthetic effects from inhaled agents and narcotics are negligible on triggered EMGs.
The accuracy of triggered EMG thresholds was compared to physician directed evaluation of screw position, such as bipla- nar radiography and palpation/visualization of pedicle borders. Results were categorized as follows: A true positive finding is defined as intraoperative data meeting warning criteria (i.e., a "low" screw threshold) with a correlative and specific operative event (here, a confirmed, medially malpositioned screw).
A true negative finding is defined as intraoperative data remaining within acceptable levels (an "acceptable" screw threshold) corresponding to a correctly positioned screw.
A false positive finding is defined as intraoperative data meeting warning criteria (low screw threshold) with a correctly positioned screw. False positives may result from clinically insignificant "hairline" pedicle crack.
A false negative finding is defined as intraoperative data remaining within acceptable levels yet the operative event has a negative outcome (confirmed, medially malpositioned screw). False negatives may result from laterally malpositioned screws, high thresholds due to bone density variation, and incomplete stimulus deliveries due to current shunting by pooled liquids at the testing site.
As a re-evaluation of previously established threshold data ranges, true positive, true negative, false positive, and false negative values were analyzed using threshold cutoff values of 8.0, 4.0, and 2.8 mA. (26) or removed (13) . This resulted in a true positive rate of 54.2% for screws with thresholds below 4.0 mA. Nine of these 72 screws had threshold values of Յ2.8 mA and all were either repositioned or removed following confirmation of a medial pedicle wall breach. Seventy-four percent (280 of 376) of the screws with thresholds less than 8.0 mA were verified as correctly placed and therefore left in place. Verification was accomplished by both repalpation of the pedicle borders and radiographic evaluation. Screw position was confirmed with triggered EMG, verified with repalpation and radiographic analysis.
The false negative rate was 0.33% (15 of 4481). This represents screws having thresholds Ͼ8.0 mA yet found to be medially misdirected. The true positive rate was 1.89%. The false positive rate was 5.84%, and the true negative rate was 91.9%. Outcome percentages for threshold cutoffs of 8.0 and 4.0, and 2.8 mA can be found in Table 3 ; outcome percentages for the total population are demonstrated in Figure 2 . A Fisher exact 2-tailed t test gives P values Ͻ0.003 for a 4.0 mA cutoff, and 6.57 for an 8.0 mA cutoff. Using a Bayesian confidence interval calculation, 95% confidence intervals can be found in Table 4 . When comparing 2 hypotheses such as cutoff levels predicting a malpositioned versus a correctly placed screw, frequency methods reject (or do not reject) the original hypothesis as degree of confidence. A Bayesian CI states that 1 hypothesis favors the other. We predict that certain threshold value ranges determine a higher probability of malpositioned screws.
Discussion
Transpedicular fixation is currently considered an optimal procedure for improving fusion rates in spinal pathologies, such as scoliosis, stenosis, and spondylolisthesis. 10 -12 Accurate pedicle screw placement is essentially a technical challenge often times complicated by obscured and/or deformed anatomic landmarks. Complications including pedicle fracture, instrumentation failure, and neural tissue irritation are possible risks with screw malposition. Confirmed misdirection rates vary from 28.1% to 39.9% with postoperative CT evaluation, and 5.5% to 41% in human cadaver studies. [13] [14] [15] Consequently, the incidence of screw misdirection directly causing postoperative neurologic deficits also varies with a number of reports. 4, 16 Consistent pedicle localization to ensure safe and accurate lumbar pedicle screw placement has been extensively investigated. 12, [17] [18] [19] A number of methods such as plain radiography, fluoroscopy, pedicle wall palpation, laminectomy, and electromyography have become accepted. But each single technique has specific shortcomings. The most common method for placement of pedicle screws remains the freehand technique, using anatomic landmarks with or without fluoroscopic guidance and/or plain film imaging confirmation.
Conventional biplanar roentgenography is still the most popular form of pedicle screw confirmation, along with intraoperative fluoroscopy. However, several studies question the reliability of basing accurate pedicle screw placement confirmation solely on intraoperative anteroposterior radiographs. 20 -22 Pedicle wall palpation is imprecise and can miss miniscule pedicle wall defects. 5 Laminectomies for visualization are effective but can increase morbidity and operative time.
Calancie et al introduced the triggered EMG technique in a porcine model using constant voltage stimulation. 8 Evaluating absolute voltage stimulation necessary to evoke an EMG threshold, the study concluded that a stimulus intensity of 5.5 V produced a measurable CMAP corresponding to a pedicle wall defect, with significant higher voltages in intact pedicles.
Investigations into the clinical utility of this method followed. Multiple groups examined protocol parameter modifications in human trials to validate usefulness in assessment for potential nerve root injury. Maguire et al 23 translated previous findings to a clinical setting, establishing a normative value of Յ6.0 mA as sensitive to detecting malpositioned screws. Constant current (mA) as a less variable stimulation method established a technique identifying clinically insignificant miniscule breaches that do not cause neurologic deficits or radiculopathies. The ultimate conclusion being that this technique will alert the surgeon to potentially malpositioned screws. Clements et al 24 evaluated evoked and spontaneous EMGs in predicting lumbar radiculopathies. To reduce malpositioned screw placement complications, they proposed a technique where triggered EMGs were used to assess pedicle wall integrity while using spontaneous EMGs to monitor real-time nerve root irritation. Their study concluded that a threshold of Ն11.0 mA corresponded to an intact pedicle wall with no subsequent postoperative radiculopathies. Glassman et al 25 correlated triggered EMG responses with postoperative CT scans. A total of 512 screws in 90 patients were stimulated intraoperatively and thresholds were recorded. Confirming correctly placed screws with computed tomography, they concluded with 98% accuracy a threshold of Ͼ15 mA to assure an intact pedicle wall.
Lenke et al tested this technique in an animal model with clinical correlation in a surgical population. 9 A porcine laboratory investigation with an associative clinical series examined the stimulation intensity threshold necessary to confirm accurate screw placement. A normative range of threshold values, rather than an absolute cutoff number, was more favorably predictive of a malpositioned screw.
These subsequent studies further verified the accuracy and utility of Calancie's technique. Each of these reports included the establishment of normative data for the threshold value range used in surgeries performed with triggered EMG testing.
Identical stimulation and recording parameters have been used at this institution since the initial investigation. Because triggered EMG monitoring is used in a variety of spinal surgical procedures, it is often a single component of a multimodality protocol. For example, in scoliosis surgeries percutaneous NMEPs are frequently used to monitor spinal cord function, concurrently with SSEPs and triggered EMGs. Total neuromuscular blockade is usually necessary to prevent patient movement. After pedicle screw insertion, neuromuscular blockade must be reversed to adequately record the CMAPs recorded in triggered EMGs. Early in our experience, neuromuscular blockade was reversed to at least 3 of 4 twitches on train-of-four stimulation. Our current practice requires 4 of 4 twitches to ensure maximal reversal of relaxant. Employing this technique modification may have resulted in lower thresholds on the whole. Keeping this in mind, we thought it was prudent to evaluate what we determined as a "low" threshold. The purpose of this study was to re-examine, based on previously established normative values, the efficacy of this institution's protocol for TrgEMG in determining screw malposition. 9 A recent review of the literature uncovers no new studies on this topic since 1995, except within the context of correct thoracic pedicle screw placement using triggered EMGs. 26 -28 The ability of triggered EMGs to accurately predict screw malposition is reflected by the neurologic monitoring outcomes where various absolute cutoff values are chosen. By decreasing the threshold value chosen to determine a malpositioned screw, the probability of predicting misdirection increases. At 2.8 mA, the false positive rate is 0%. However, at a 100% true positive rate, the false negative rate increases to 2.02%. This percentage translates to an additional 98 screws (up from 15) that could be missed as potentially harmful medially malpositioned screws. Conversely, by increasing the threshold value to 21.2 mA to achieve a 0% false negative rate, the resultant 65.9% false positive rate requires an additional 3202 screws to be removed, repalpated, and replaced. In both instances, striving to achieve 100% accuracy with an absolute cutoff value has adverse implication across the entire population. By increasing the threshold value distinguishing between correctly and incorrectly placed screws, specificity decreases slightly while sensitivity increases dramatically. At 2.8 mA, triggered EMG has a specificity of 100%, with sensitivity of 8.4%; at 4.0 mA, specificity of 99% and sensitivity of 36%; and at 8.0 mA, 94% specificity and 86% sensitivity.
Using as a basis, previously established normative data established on 233 screws in 54 patients, this study focused on re-evaluating these threshold value ranges to verify intraosseous placement of pedicle screws in the lumbar spine. 9 The results reaffirm that lower threshold values are predictive of malpositioned screws. Based on 4857 screws in 1078 patients, it is suggested that normative value ranges for predicting correctly placed screws should remain as follows:
Threshold Ͼ8.0 mA, intact pedicle; Threshold 4 to 8 mA, possible pedicle wall defect; Threshold Ͻ4.0 mA, strong likelihood for pedicle wall defect; Threshold Ͻ2.8 mA, almost certainty of a pedicle wall defect.
Accurate pedicle screw placement is necessary to ensure stable constructs and minimize neurologic deficits. Some method of guidance is generally used by the responsible surgeon. As stated above, no 1 method is 100% accurate. Triggered EMG testing is 1 confirmation available at the surgeon's disposal that may find a malpositioned and potentially harmful screw not picked up by internal palpation or radiography.
Conclusion
The probability of a medial breach pedicle screw detected by triggered EMG stimulation increases with decreasing triggered EMG thresholds: 0.33% for Ͼ8.0 mA, 17.4% for 4.0 to 8.0 mA, 54.2% for Ͻ4.0 mA, and 100% for Ͻ2.8 mA. TrgEMG is an adjunct technique and should always be used in conjunction with palpation and radiography to optimize safe pedicle screw placement.
Key Points
• A total of 4857 lumbar pedicle screws to correlate low triggered EMG thresholds and screw malposition were examined in 1078 patients.
• An increasing rate of malpositioned pedicle screws were detected with decreasing triggered EMG stimulus, with 100% of screws stimulating Ͻ2.8 mA having a medial wall breach.
• Specificity slightly decreased while dramatically increased by raising the threshold cutoff value. At 2.8 mA, specificity ϭ 100%, sensitivity ϭ 8.4%; at 4.0 mA, specificity ϭ 99%, sensitivity ϭ 36%; and at 8.0 mA, specificity ϭ 94% and sensitivity ϭ 86%.
• Triggered EMG testing should be used in conjunction with intraoperative palpation and radiographic techniques.
